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Abstract 

Background: Previous studies have shown that viable myocardium predicts recovery of left ventricular (LV) dysfunction 
after revascularization. Our aim was to evaluate the prognostic value of myocardial scar assessed by late gadolinium- 
enhanced cardiovascular magnetic resonance imaging (LGE-CMR) on functional recovery in patients undergoing coronary 
artery bypass grafting (CABG). 

Methods: From November 2009 to September 2012, 63 patients with reduced left ventricular ejection fraction (LVEF) 
referred for first-time isolated CABG were prospectively enrolled, 52 were included in final analysis. LV functional parameters 
and scar tissue were assessed by LGE-CMR at baseline and 6 months after surgery. Patency of grafts was evaluated by 
computed tomography angiography (CTA) 6 months post-CABG. Predictors for global functional recovery were analyzed. 

Results: The baseline LVEF was 32.7±9.2%, which improved to 41. 6± 11.0% 6 months later and 32/52 patients improved 
LVEF by >5%. Multivariate logistic regression analysis showed that the most significant negative predictor for global 
functional recovery was the number of scar segments (Odds ratio 2.864, 95% Confidence Interval 1.172-6.996, p = 0.021). 
Receiver-Operator-Characteristic (ROC) analysis demonstrated that <4 scar segments predicted global functional recovery 
with a sensitivity and specificity of 85.0% and 87.5%, respectively (AUC = 0.91, p<0.001). Comparison of ROC curves also 
indicated that scar tissue was superior to viable myocardium in predicting cardiac functional recovery (p<0.001). 

Conclusions: Our findings indicated that scar tissue on LGE-CMR is an independent negative predictor of cardiac functional 
recovery in patients with impaired LV function undergoing CABG. These observations may be helpful for clinicians and 
cardiovascular surgeons to determine which patients are most likely to benefit from surgical revascularization. 
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Introduction 

Coronary artery bypass grafting (CABG) has been shown to 
improve both symptoms and prognosis in patients with coronary 
artery disease (CAD) and left ventricular (LV) dysfunction. 
Although surgical risk in patients with poor left ventricular 
ejection fraction (LVEF) is relatively higher, these patients could 
benefit greatly from CAEG [1]. Previous studies have linked 
improvement in cardiac function or survival after CABG to the 
presence of dysfunctional but viable myocardium [2,3,4,5]. In 
201 1, however, the Surgical Treatment for Ischemic Heart Failure 
(STICH) trial [6] demonstrated that the assessment of myocardial 
viability did not identify patients with a differential survival benefit 



from surgical revascularization, as compared with medical therapy 
alone. Other studies also indicated that to include only viable 
myocardium in a studying algorithm has limitations in predicting 
global functional improvement and not all patients with ischemic 
cardiomyopathy recover in function after successful revasculari- 
zation, despite the presence of viable myocardium identified using 
various imaging protocols [7,8] . 

Late gadolinium-enhanced cardiovascular magnetic resonance 
imaging (LGE-CMR) has emerged as an accurate and reproduc- 
ible modality for detection and quantification of irreversibly 
damaged myocardial scar over the past few years [9]. Further- 
more, CMR could define the transmural extent of scar tissue 
(LGE-CMR), and also make comprehensive assessment of LV 
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function as well as volume (cine-CMR), each of which is relevant 
to evaluating patients prognosis [10,11]. Thus, the versatility of 
CMR makes it an increasingly powerful tool for the complete 
assessment of patients with ischemic cardiomyopathy. 

Although LGE-CMR protocols often assess and report all of 
these parameters, previous studies have evaluated the value of scar 
tissue to predict patients' outcomes and demonstrated that 
presence of LGE could identify patients with higher risk of events 
[12,13,14]. We also found that prior studies focused the analysis 
portion more on the viable myocardium [2,3,15,16], yet not 
directly correlated scar tissue with late functional improvement 
after surgical revascularization. Therefore, it is unknown to what 
extent myocardial scar affects cardiac functional recovery. Taking 
advantage of this cohort of patients, our aim was to assess the 
prognostic power of myocardial scar and volumes over patient 
clinical data for the prediction of cardiac functional recovery. 

Materials and Methods 

Study Population 

Consecutive patients with CAD and LV dysfunction referred to 
Department of Cardiovascular Surgery at our hospital for first- 
time isolated CABG between November 2009 and September 
2012 were prospectively enrolled. Patients were selected if they 
had previous Q-wave myocardial infarction (MI) on electrocardio- 
gram(ECG); had abnormalities in regional wall motion on either 
contrast ventriculography or resting echocardiography; New York 
Heart Association (NYHA) function class of >II, LVEF<50% by 
CMR. Patients were excluded if they had valve disease (significant 
mitral or aortic insufficiency or stenosis), a history of MK3 
months before surgery; unstable angina and CMR contraindica- 
tions (eg, noncompatible biometallic implants, claustrophobia or 
malignant arrhythmias). As a result, we identified 63 patients 
eligible who underwent an imaging protocol combining three 
components: left ventricular volumes and function, myocardial 
LGE and segmental wall motion. LGE-CMR was performed 
before and 6 months after CABG, computed tomography 
angiography (CTA) scan was also performed 6 months later to 
evaluate the grafts patency. Finally, 1 1 patients were excluded, 
including 6 with graft failure and 5 for other reasons, leaving a 
study population of 52 patients (Figure 1). This study was 
approved by the institutional review board of Fu Wai hospital 
and all patients gave written informed consent. 

CMR Protocol 

All CMR examinations were performed using a 1 .5 Tesla CMR 
scanner (Avanto, Siemens AG, Germany), using wireless vector 
ECG gating. LV end-diastolic volumes (LVEDV) and LV end- 
systolic volumes (LVESV) were determined for calculation of 
LVEF with breath-hold steady-state free precession (SSFP) cine 
sequence. The main sequence parameters were as follows: 
TR = R-R interval, TE 1.3 ms, flip angle 60° to 70°, matrix 
192x156, slice thickness 6 mm, field of view 300-380 mm. The 
end-diastolic, end-inspiration 4-chamber and 2-chamber views 
served as the reference images to plan the short-axis slices. A 
phase-sensitive inversion-recovery gradient-echo pulse sequence 
with coil intensity correction was used for LGE imaging 10- 
15 minutes after a 0.2 mmol/kg intravenous dose of Gd-DTPA 
(gadopentate dimeglumine, Magnevistw, Bayer Healthcare Phar- 
maceuticals, Wayne, NJ, USA) during breath hold in a series of 
short-axis planes and a 4- and 2-chamber long-axis plane. 
Parameters for LGE imaging were as follows: TR 700 ms, TE 
3.4 ms, flip angle 25°. 



Imaging Analysis 

Cardiac function was analyzed with Argus software (Siemens 
AG, Munich, Germany) by two experienced radiologists blinded 
to clinical data. Determination of end-diastole and end-systole was 
visually achieved and allowed calculation of LV mass, LVEDV, 
LVESV, from which LVEF was derived. The LV mass was 
calculated by subtracting endocardial from epicardial volume at 
end-diastole and multiplying by 1.05 g/cm' 5 . 

LGE images were evaluated by the same experienced radiol- 
ogists using an identical 17-segment model [17]. Hyperenhanced 
areas resembling LGE were determined as areas with signal 
intensities >2SDs above remote normal myocardial region. A five- 
point scale system was used to describe the transmural extent of 
LGE in each of the segment (scar score): 0 — no LGE, 1 = 1 %- 
25% LGE, 2 = 26%-50% LGE, 3 = 51%-75% LGE, and 
4 = 76%-100% LGE. If there was no agreement in the 
interpretations, the image was reevaluated by two radiologists 
until a consensus was reached. A segment was considered "viable" 
when the transmural extent of LGE was between 1% and 50%, 
"scar" when the transmural extent of LGE was between 51% and 
100%. The cut-off value of 50% LGE was the best threshold to 
define segmental viability for the purpose of predicting recovery of 
cardiac function [2,7,13]. Additionally, to quantify the extent of 
scar tissue, the following definitions were used [13]: 1) spatial 
extent, the number of affected segments; 2) normal segments, the 
number of segments with a scar score of 0 (or no LGE); 3) viable 
segments, the number of segments with a scar score of 1 or 2; 4) 
scar segments, the number of segments with a scar score of 3 or 4; 
5) total scar score, summed segmental scar scores per patient. The 
severity of segmental wall motion was determined on a four-point 
scale system: 0 = normal, 1 = hypokinesis, 2 = akinesis, 3 = dyskin- 
esis. Wall motion score (WMS) was calculated as the sum of the 
individual scores of 17 segments in each patient. The change in 
WMS (A WMS) and LVEF (ALVEF) was also recorded. 

In patients who had successful revascularization, an improve- 
ment in segmental wall motion by &1 grade was considered 
significant and ALVEF&5% was used to define global functional 
recovery (responders), a reductions of 10% or more in LVEDV 
and LVESV were also considered clinically meaningful reverse 
remodeling [18,19]. 

Treatment and Procedures 

All surgeries were performed by the same surgical team 
experienced in both on-pump and off-pump CABG. The aim of 
surgery was to obtain complete revascularization. The left internal 
mammary artery and great saphenous vein were harvested in each 
patient and quality of grafts was assessed intra-operatively with the 
use of a transit-time flow probe (Medi-stim Butterfly flowmeter, 
Oslo, Norway). 

Follow-up 

The final 52 patients were followed up for cardiovascular events 
(CVEs) occurred from the first day after discharge to 38 months of 
the follow-up: ventricular arrhythmia (tachycardia or fibrillation), 
heart failure, recurrence of angina, MI, repeat revascularization, 
and cardiac death, with telephone contact with the patients, their 
relatives, or from review of medical records. No patients were lost 
to follow-up. 

Statistical Analysis 

Statistical analysis was performed by using SPSS vl3.0 (SPSS 
Inc., Chicago, Illinois). Continuous variables were presented as 
mean ± standard deviation (SD) or median (interquartile range, 



PLOS ONE | www.plosone.org 



2 



December 2013 | Volume 8 | Issue 12 | e81991 



Scar Tissue Predicts Functional Recovery 



63 patients with impaired left 
ventricular function referred for 
surgery were recruited 

t 

63 patients CMR scan 



63 patients underwent 
first-time isolated CABG 



| * 1 died from gastrointestinal bleeding 

6 months follow-up 

► 1AICD 



3 refused CMR scan and CTA scan 



58 patients CMR scan and 
CTA scan 



* 6 patients with totally occluded graft 

52 patients included in 
final analysis 



Figure 1. Flow Diagram of Patients Recruitment. AICD, automated implantable cardiac defibrillator; CABG, coronary artery bypass grafting; 
CMR, cardiovascular magnetic resonance imaging; CTA, computed tomography angiography. 
doi:1 0.1 371 /journal.pone.0081 991 .g001 



25% to 75%). Categorical variables were reported as absolute 
numbers and percentages. Between-group comparisons were 
performed with ~£ 2 test or Fisher's exact test for categorical 
variables and Student's t test for continuous variables that were 
distributed normally. Non-normally distributed continuous vari- 
ables were compared by the Mann- Whitney U test. All tests were 
2-sided. Any p value of less than 0.05 was considered statistically 
significant. 

For prediction of global functional recovery, univariate and 
multivariate logistic regression analysis was performed to deter- 
mine which variables were the best predictors. Variables entered 
the multivariate stage that had p<0.1 in the univariate analysis 
and then were selected in 'enter' method at a significance level of 
0.05. Assumptions checked for multivariate logistic regression 
were: no interaction, linearity (for continuous explanatory 
variables only) and independency of observations. Receiver- 
operating-characteristic (ROC) analysis was performed to assess 
the most appropriate cut-off value of the predictor derived from 
the logistic regression analysis and the percent of segments with 
wall motion improvement which best indicates global functional 
recovery. 

After adjustment for multiple confounders, only the number of 
scar segments as determined by LGE-CMR appeared significantly 
and negatively related with functional recovery. ROC analysis also 
indicated that the presence of four or less scar segments could 
predict significant recovery of global function with the optimal 
sensitivity and specificity. Therefore, patients were stratified into 
two groups (£4scar segments n = 31, >4 scar segments n = 21) 
according to the extent of scar tissue on LGE-CMR. The effect of 
surgery was compared using a paired t-test. Kaplan-Meier survival 



analysis was used to further analyze CVE-free survival of both 
cohorts, and comparisons between survival distributions were 
made using log-rank test. 

Results 

Study Population and Outcomes of CABG 

Patients enrolled and excluded from our study are presented in 
Figure 1. Data analysis was based on the final 52 patients whose 
grafts were all patent evidenced by CTA scanning (Patients with 
graft failure were excluded from our study, Figure 1). There were 
44 men and 8 women with an average age of 58.0 ±8.4 years. The 
baseline LVEF was 32.7% ±9.2% and 30 (57.7%) of these subjects 
had LVEF£35%. Patients were stratified into two groups: 
responders (patients with ALVEF&5%) and non-responders 
(patients with ALVEF<5%). Baseline characteristics are shown 
in Table 1. There was no significant difference in clinical 
parameters between these two groups. The periprocedural data 
and CABG outcomes are given in Table 2. No significant 
differences in the number of bypass grafts, operation time, 
ventilation time, length of hospital stay, or type of surgery were 
observed and the incidences of postoperative complications were 
also similar. 

CMR Findings 

The CMR results are summarized in Table 3. No significant 
difference was found between responders and non-responders in 
global LV function or volume at baseline. For myocardial viability, 
three parameters with significant differences were the number of 
viable segments, the number of scar segments and total scar score. 
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Table 1. Baseline characteristics of the patients. 





Variables 


All patients 


Responders* 


Non-responders 


P value ! 




In = 52) 


(n = 32) 


(n = 20) 




Age, years 


58.0±8.4 


59.6±8.5 


56.4±6.8 


0.163 


Female 


8(15.4) 


5(15.6) 


3(15.0) 


1.000 


Hypertension 


26(50.0) 


17(53.1) 


9(45.0) 


0.569 


Diabetes mellitus 


21 (40.4) 


15(46.9) 


6(30.0) 


0.228 


Hypercholesterolemia 


36(69.2) 


23(71.9) 


13(65.0) 


0.601 


Brain infarction history 


5(9.6) 


2(6.3) 


3(15.0) 


0.577 


Current smoker 


39(75.0) 


24(75.0) 


15(75.0) 


1.000 


Family history of CAD 


27(51.9) 


16(50.0) 


11(55.0) 


0.726 


Angiographic findings 


(stenosis>50%) 


Two-vessel disease 


12(23.1) 


8(25.0) 


4(20.0) 


0.938 


Three-vessel disease 


40(76.9) 


24(75.0) 


16(80.0) 




LVEF<35% 


30(57.7) 


21(65.6) 


9(45.0) 


0.143 


NYHA class lll/IV 


18(34.6) 


10(31.3) 


8(40.0) 


0.986 


Medication on discharge 


Aspirin 


52(100) 


32(100) 


20(100) 


1.000 


ACE inhibitor 


35(67.3) 


21(65.6) 


14(70.0) 


0.744 


p-blocker 


49(94.2) 


30(93.8) 


19(95.0) 


1.000 


Statin 


52(100) 


32(100) 


20(100) 


1.000 


CCB 


26(50.0) 


15(46.9) 


11(55.0) 


0.569 



Values are expressed as mean ± SD or n (%). 
*Responders were defined as improvement in LVEF>5%. 
tP value for Responders and Non-responders. 

ACE, angiotensin-converting enzyme; CAD, coronary artery disease; CCB, calcium channel blockers; LVEF, left ventricular ejection fraction; NYHA, New York Heart 
Association. 

doi:1 0.1 371 /journal.pone.0081 991 .t001 



Table 2. Periprocedural data and CABG outcomes. 





Variables 


All patients 


Responders 


Non- 
responders 


P value 




(n = 52) 


(n = 32) 


(n = 20) 




Operation 
time,min 


236.8±68.1 


246.3 ±70.3 


221.8±63.2 


0.210 


Ventilation 
time, h 


17.0(14.3,21.8) 


19.5(15.0,21.0) 


16.0(13.0,23.8) 


0.341 


ICU stay, h 


69.5(38.5,92.8) 


70.0(28.0,93.5) 


68.5(39.5,92.3) 


0.792 


Hospital 
stay.days 


8.0 (7.0, 10.0) 


9.0 (8.0, 10.0) 


8.0 (7.0, 12.0) 


0.539 


Grafts per 
patient 


3.3±0.7 


3.4±0.7 


3.3±0.7 


0.523 


Off-pump 
surgery 


24(46.2) 


15(46.9) 


9(45.0) 


0.895 


Outcomes 


New-onset AF 


3(5.8) 


2(6.3) 


1(5.0) 


1.000 


VA 


2(3.8) 


0(0) 


2(10.0) 


0.279 


LCOS 


1(1.9) 


0(0) 


1(5.0) 


0.385 



Values are expressed as mean ± SD, median (interquartile range) or n(%). 
AF, atrial fibrillation; ICU, intensive care unit; LCOS, low cardiac output 
syndrome; VA, ventricular arrhythmia. 
doi:1 0.1 371 /journal.pone.0081 991 .t002 



Moreover, AWMS was significantly lower in non-responders, but 
no significant difference in WMS at baseline was found. Patients 
with ALVEF>10% and percent of segments with wall motion 
improvement were both different between the two groups 
(p<0.001). 

Prediction of segmental functional recovery 

A total of 884 segments were analyzed, of which 688 (77.8%) 
segments were determined to be dysfunctional preoperatively, 
including 534(60.4%) segments with various degree of LGE. Six 
months after CABG, 305 (44.3%) segments showed functional 
improvement. In viable and normal segments (£50% LGE), 291/ 
467(62.3%) improved contraction, while in scar segments (>50% 
LGE), only 14/221(6.3%) improved contraction post-surgery 
(p<0.001). In dysfunctional segments, the extent of LGE 
correlates inversely with improved myocardial contractility 
following revascularization (p<0.001, Figure 2). This relationship 
was present irrespective of the severity of preoperative segmental 
dysfunction. 

Our results further demonstrated that responders have a higher 
proportion of improved segments than non-responders 
(52.9±14.0%vs24.6±10.2%, p<0.001) and >35.5% of dysfunc- 
tional segments with wall motion improvement clearly predicts 
global functional recovery, with a sensitivity of 90.6% and 
specificity of 85.0% (AUC = 0.95, p<0.001) (Figure 3). 
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Table 3. Cardiovascular Magnetic Resonance Imaging Data. 





Baseline LV parameters 


All patients 


Responders 


Non-responders 


P value 




(n = 52) 


(n = 32) 


(n = 20) 




LVEF,% 


32.7 ±9.2 


32.1 ±9.0 


33.7±9.8 


0.548 


LVEDD, mm 


59.8±7.0 


60.1 ±7.3 


59.2.±6.8 


0.641 


LVEDVI, ml m 2 


100.8 ±30.1 


102.6±30.5 


97.9±29.9 


0.589 


LVESVI, ml m 2 


68.6±28.4 


70.2±28.1 


66.1 ±29.5 


0.617 


CI, L min 1 m 2 


2.2±0.6 


2.3±0.6 


2.2±0.4 


0.727 


Dysfunctional segments 


12.8±3.6 


12.7±3.8 


12.8±3.2 


0.937 


WMS 


18.3±6.1 


18.3±6.0 


18.3 ±6.5 


0.992 


Myocardial viability 


Spatial extent 


10.5 ±3.0 


9.9±3.3 


11.5±2.1 


0.065 


Viable segments 


6.8±3.0 


7.5±3.3 


5.7±2.0 


0.035 


Scar segments 


3.6±2.0 


2.6±1.5 


5.4±1.3 


<0.001 


Total Scar Score 


23.0±7.8 


19.8±7.4 


28.1 ±5.6 


<0.001 


Functional Improvement 


AWMS* 


-5.0 (-8.0,-3.0) 


-7.0(-9.0,-4.2) 


-3.0(-5.5,-1.0) 


0.001 


ALVEFf 


8.4 (3.2, 13.7) 


11.7(9.4,16.0) 


2.1 (0, 4.2) 


<0.001 


ALVEF£10% 


20(38.5) 


20(62.5) 


0(0) 


<0.001 


Percent of segments with wall motion improvement (%)$ 


42.0±18.8 


52.9±14.0 


24.6±10.2 


<0.001 



Values are expressed as mean ± SD, median (interquartile range) or n (%). 
*AWMS, change in WMS. 
tALVEF, change in LVEF. 

"'"Percent of segments with wall motion improvement: number of segments with improved contractility divided by total analyzable segments. 

CI, cardiac index; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter; LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular ejection 

fraction; LVESVI, left ventricular end-systolic volume index; WMS, wall motion score. 

doi:1 0.1 371 /joumal.pone.0081 991 .t003 



Prediction of global functional recovery 

Firstly, univariate analysis demonstrated that the number of 
viable segments, scar segments and total scar score are predictors 
of global functional recovery. However, by using multivariate 
logistic analysis, only the number of scar segments was shown to be 
negatively associated with global functional recovery post-CABG 
(Odds Ratio 2.864, 95% Confidence Interval 1.172-6.996, 
p = 0.021 Table 4). Patients with substantial scar tissue on LGE- 
CMR showed no evidence of functional improvement (Figure 4 
and Movie SI), whereas global functional recovery was demon- 
strated in patients with small scar area (Figure 5 and Movie S2). 

ROC analysis indicated £4scar segments demonstrated the 
optimal sensitivity of 85.0% and specificity of 87.5% for predicting 
global functional recovery (AUC = 0.91, p<0.001). In addition, 
the positive and negative predictive values were 87.9% and 84.5%, 
respectively. Comparison of ROC curves also showed that the 
number of scar segments can predict global functional recovery 
superior to the number of viable segments (AUC 0.91 vs 0.65, 
p<0.001, Figure 3). 

There was a significant linear association between preoperative 
LVEF and WMS for each individual (r=-0.75, p<0.001). 
Furthermore, we also found that the number of scar segments, 
total scar score and the number of scar segments in left anterior 
descending coronary artery (LAD) territory correlated very well 
with ALVEF after CABG (Figure 6). A lesser association was 
presented when the number of viable segments was considered 
(Figure 6). 



Follow-up 

After multivariate logistic analysis, patients were divided into 
two groups (^4 scar segments, n = 31, Group A and >4 scar 
segments, n = 2 1 , Group B) according to the number of scar 
segments. Patients with £4 scar segments showed significant 
improvement in both global function and reverse remodeling. 
There was also statistical improvement in both LVEF and LV 
geometry in patients with >4 scar segments. However, the mean 
difference of the improvement was less remarkable than that of 
patients with <4 scar segments [4.2 (1.9 to 6.6)% vsl2.0 (8.7 to 
15.2)%, p = 0.001] (Table 5). 

The median follow-up time was 14.0 months (range, 6-38 
months) and no death occurred. Patients with £4 scar segments 
had a higher proportion of NYHA I class compared to patients 
with >4 scar segments (93.5% vs 66.7%, p = 0.03). During follow- 
up time, one patient required rehospitalization due to heart failure 
(Group B), one patient had recurrence of angina (Group B), one 
patient had nonfatal MI (Group A) and two patients suffered from 
ventricular arrhythmia (Group B). Furthermore, the mid-term 
CVE-free survival rate was significantly higher in patients with <4 
scar segments (log-rank test, p = 0.02, Figure 7). 

Discussion 

The salient findings of this study were that the number of scar 
segments was the best independent negative predictor of global 
functional recovery with perfect sensitivity and specificity and had 
a significant linear association with improvement in LVEF, 
suggesting that substantial scar tissue often revealed a poor 
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0 1-25 26-50 51-75 76-100 

Transmural extent of hyp ere n hone ement (%) 



150" 



3 




Transmural extent of hyperenhancement (%) 

Figure 2. Relationship Between Transmural Extent of Scar Tissue and Functional Recovery. The extent of LGE correlates inversely with 
improved myocardial contractility following revascularization (top). The number of dysfunctional segments with or without improvement in different 
transmural extent of LGE (bottom). LGE, late gadolinium enhancement. 
doi:1 0.1 371 /journal.pone.0081 991 .g002 
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Figure 3. ROC Analysis of Dysfunctional Segments and Comparison of ROC Curves Between Scar and Viable Segments. ROC analysis 
demonstrated >35.5% of dysfunctional segments with wall motion improvement predicts global functional recovery (top). Comparison of ROC 
curves showed that the number of scar segments (AUC = 0.91) predict global functional improvement superior to the number of viable segments 
(AUC = 0.65) (p<0.001) (bottom). AUC, area under the curve of the receiver-operating-characteristic. ROC, receiver-operator-characteristic. 
doi:1 0.1 371 /journal. pone.0081 991 .g003 



response to CABG. These observations may be useful for pre- 
operative selection of patients for revascularization in everyday 
practice. 

In the present study, not only quality of grafts was assessed intra- 
operatively with the use of a transit-time flow probe, follow-up 
CTA scan was also undertaken to evaluate grafts patency as part of 
this study. Furthermore, patients with totally occluded grafts were 
excluded. Thus, grafts patency can be definitely excluded as a 



confounding factor in predicting cardiac functional improvement, 
which makes the current study more convincing. 

LGE-CMR for prediction of segmental functional recovery 

The current study showed that the transmural extent of 
myocardial scar is inversely associated with functional improve- 
ment of myocardium and it is highly predictive for segmental 
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Table 4. Univariate and multivariate analyses for the prediction of global functional recovery following surgical revascularization. 





Univariate 


Odds Ratio 


95% Confidence Interval 


P value 


Spatial extent 


1.211 


0.984-1.492 


0.071 


Viable segments 


0.774 


0.603-0.995 


0.045 


Scar segments 


3.506 


1.856-6.622 


-C0.001 


Total Scar score 


1.214 


1.081-1.364 


0.001 


Multivariate 


Odds Ratio 


95% Confidence Interval 


P value 


Scar segments 


2.864 


1.172-6.996 


0.021 



doi:1 0.1 371 /joumal.pone.0081 991 .t004 



functional recovery after surgical revascularization, which was 
consistent with previous reports [2,7, 15] .In our study, we found 
that only 62% of dysfunctional segments without evidence of scar 
improved contractility. However, Kim et al [2] and Selvanayagam 
et al [15] reported 78% and 82% of dysfunctional unscarred 
segments recovered in function at follow-up, respectively. 
Furthermore, Pegg et al [7] demonstrated 73% of segments 
without evidence of scar had functional recovery. The reason 
might be that our patients' mean preoperative LVEF was lower 
(33% vs 43% [2], 61% [15], 38% [7]), representing the worst 
average LV function of published studies, and with a higher 
prevalence of dysfunctional myocardium and scar tissue, which 
may explain the lower rates of segmental functional recovery. 

Although Krittayaphong et al [20] demonstrated that increased 
contractility of at least 25% of dysfunctional segments is needed in 
order to improve overall LV function, our results determined that 
&35.5% of dysfunctional segments with wall motion improvement 
could predict global functional recovery. The difference may be 
related to a more severe LV dysfunction in our study. We also 
observed that some segments failed to demonstrate an improve- 
ment in function, despite with minimal or no LGE. The 
occurrence of perioperative MI might be accounted for the failing 
of segmental functional recovery. Moreover, tethering of viable 
regions to adjacent scar segments may result in viable myocardium 
having an incomplete response, thus no improvement presented. 

Prediction of global functional recovery by LGE-CMR 

Previous studies have based prediction of global functional 
recovery on viable myocardium: Bax et al [21] demonstrated 
global functional recovery in patients with a 4 viable segments on 



low-dose dobutamine echocardiography (DE), with a sensitivity 
and specificity of 84% and 81%, respectively. Slart et al [16] 
showed that a 3 viable segments predicted overall functional 
recovery with a sensitivity of 87% and specificity of 85%, defined 
by positron emission tomography (PET). However, information on 
the predictive value of scar tissue for late functional improvement 
in patients with depressed LVEF is insufficient and comparison of 
ROC curves in the current study demonstrated that myocardial 
scar has higher accuracy in predicting improvement of function 
than does viable myocardium, thus introduce the concept that scar 
tissue may be a better predictor. We have two points to clarify this 
issue: First, including only viable segments in a reporting protocol 
for global functional recovery presumes that normally functional 
myocardium makes no contribution to functional recovery after 
CABG. Second, myocardial scar could affect the motion of 
surrounding myocardium, which means that myocardial scar 
might have a greater impact on functional recovery and also 
supports the notion that tethering by scar tissue may counteract 
the improved contraction contributed by viable myocardium, thus 
prevent segmental as well as global functional recovery. As a result, 
our data suggests that analysis should based on scar segments 
instead of viable segments alone, or incorporate both viable and 
normal segments, as Pegg et al suggested [7], because all segments 
are able to contribute to the end-point. 

In the substudy of the STICH trial, Panza et al demonstrated 
that in patients with CAD and LV dysfunction, inducible 
myocardial ischemia did not identify those with a worse prognosis 
or those with greater benefit from CABG over optimal medical 
therapy [22]. Bonow et al also reported the finding that the 
presence of viable myocardium did not identify patients with a 
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Figure 4. Patient without Global Functional Recovery. LGE and 

wall motion images before and after CABG of a 56-year-old man with 7 
scar segments who showed no evidence of global functional recovery 
and reverse remodeling post-surgery. CABG, coronary artery bypass 
grafting. LGE, late gadolinium enhancement. 
doi:1 0.1 371 /journal.pone.0081 991 .g004 
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Figure 5. Patient with Global Functional Recovery. LGE and wall 
motion images before and after CABG of a 69-year-old man with 2 scar 
segments who had improvement in both global function and LV 
geometry. 

doi:1 0.1 371/journal.pone.0081 991 .g005 
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differential survival benefit after CABG, as compared with medical 
therapy alone [6]. The conclusion seemed counterintuitive, 
because the viability assessment was only based on single- 
photon-emission computed tomography (SPECT) and dobuta- 
mine echocardiography (DE), which pose significant limitations in 
their ability to detect myocardial viability [23]. From our point of 
view, a randomized study of surgical revascularization versus 
medical therapy is needed after viability evaluation with a 
standard imaging protocol such as LGE-CMR [2,23], which is 
an accurate and powerful modality for detection and quantifica- 
tion of myocardial scar. Moreover, the STICH investigators 
focused more on viable myocardium and patients long-term 
survival benefit instead of scar tissue as well as recovery of cardiac 
function, which is, however, the focus of the current study. Bonow 
et al also indicated that limited data are available regarding 
survival benefit in patients with LV dysfunction who were studied 
on CMR [6]. Therefore, if the STICH trial incorporated LGE- 
CMR technique and defined improvement in global function after 
CABG as their primary endpoint, the conclusion might be quite 
different. 



In this study, myocardial scar mass was not used for functional 
analysis because we considered that scar mass itself has several 
limitations in predicting cardiac functional recovery. Firstly and 
most importantly, scar burden (in grams) only takes mass of fibrosis 
into account, but without considering its extent and distribution, 
while the latter (the extent and distribution of scar tissue) may be of 
greater clinical significance for predicting functional recovery. For 
example, patient A has a larger area of subendocardial MI, while 
patient B has area-limited transmural MI. The total scar mass 
could be the same for both patients, but patient A has relatively 
less scar segments according to the definition of scar segments in 
the current study. Intuitively, prognosis of the two patients will be 
totally different post-CABG and patient A might have a better 
cardiac functional recovery. From our point of view, the semi- 
quantitative method (the number of scar segments) we used takes 
both extent and distribution of scar tissue into consideration. 
Secondly, the major aim of the current study is to help 
cardiovascular surgeons identify which patients with depressed 
LVEF are most likely to benefit from surgical revascularization, 
the segmentation of the CMR-data might be easier for them to 
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Figure 6. The Association Between Myocardial Viability and Change in LVEF. Scatter plot showing the linear association between the 
number of scar segments(A), total scar score(B), the number of scar segments in LAD territory(C), the number of viable segments(D) and change in 
LVEF (ALVEF) at 6 months post-surgery. LAD, left anterior descending coronary artery. LVEF, left ventricular ejection fraction. 
doi:1 0.1 371 /journal.pone.0081 991 .g006 
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Table 5. Functional Improvement in patients subsequent to CABG (n = 52). 







Baseline 


6 months 


Mean Difference, 95%CI 


P value* 


£4 scar segments 


(n = 31) 


LVEF (%) 


34.1 ±8.5 


46.1 ±10.0 


12.0 (8.7 to 15.2) 


<0.001 


LVEDD (mm) 


60.0±7.1 


52.9±6.0 


-7.1 (-9.2 to -5.0) 


<0.001 


LVEDVI (ml m 2 ) 


98.4±26.5 


74.7±23.9 


-23.8 (-31.3 to -16.2) 


<0.001 


LVESVI (ml m 2 ) 


64.7 ±24.3 


41.7±21.3 


-23.0 (-29.6 to -16.4) 


<0.001 


LVMI (g m 2 ) 


58.9±18.8 


49.5 ±14.2 


-9.4 (-14.8 to -4.0) 


0.001 


>4 scar segments 


(n = 21) 


LVEF (%) 


30.7±10.1 


35.0±8.9 


4.2 (1 .9 to 6.6) 


0.001 


LVEDD (mm) 


59.3±7.2 


55.9±7.6 


-3.4 (-5.6 to -1.1) 


0.005 


LVEDVI (ml m 2 ) 


104.3±35.1 


94.3 ±24.4 


-10.0 (-18.9 to -1.0) 


0.031 


LVESVI (ml m 2 ) 


74.4±33.3 


62.1 ±23.5 


-12.4 (-20.6 to -4.1) 


0.005 


LVMI (g m 2 ) 


54.9±18.2 


49.8 ±14.3 


-5.1 (-11.7 to -1.4) 


0.116 



Values are expressed as mean ± SD or mean (95% CI}. 

P Value* for baseline and 6 months. 

CI, confidence interval; LVMI, left ventricular mass index. 

Other abbreviations as in Table 3. 

doi:1 0.1 371 /joumal.pone.0081 991 .t005 
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Figure 7. Prognostic Value of Myocardial Scar. Kaplan-Meier curve showing that the CVE-free survival rate was significantly worse in patients 
with>4 scar segments on LGE-CMR. CVE, cardiovascular events. LGE-CMR, late gadolinium-enhanced cardiovascular magnetic resonance imaging. 
doi:1 0.1 371 /journal.pone.0081 991 .g007 
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comprehend. Thirdly, in routine practice of CMR protocol, "slice 
gap" during CMR scanning would somewhat affect the accurate 
measurement and calculation of the scar tissue (in grams), which 
may then affect the prediction of functional improvement and lead 
to lack of predictive accuracy. Our fourth consideration is that 
whilst there maybe merit in the mass of scar, the regional 
localization of this does not give a full flavour of the global cardiac 
involvement from infarction. 

In 2004, Rizello et al [24] showed the linear association between 
the number of viable segments and ALVEF after revascularization. 
However, they did not tell whether there is a threshold for the 
number of segments that predicted global functional recovery. In 
the current study, we found that ALVEF is linearly and negatively 
related to the number of scar segments and £4scar segments 
predicted recovery of global function. A lesser association is 
presented when viable myocardium was considered. In addition, 
Pegg et al [7] demonstrated that patients with & 1 0 viable+normal 
segments could improve global LV function after CABG with a 
sensitivity and specificity of 95% and 75%, respectively. However, 
a small proportion of patients with viable myocardium often fail to 
improve global function post-CABG. Schinkel et al demonstrated 
that in general, multiple imaging techniques evaluating myocardial 
viability have a higher sensitivity (81-93%) but a lower specificity 
(58-80%) [25]. Incorrect labeling of scar segments, incomplete 
revascularization, bypass graft failure, remodeling of LV and 
tethering by adjacent scar tissue may be the reasons of lower 
specificity [26]. 

The present study also demonstrated that a significant reverse 
remodeling and improvement of LV function were observed in 
patients with <4 scar segments. It is noteworthy that there was 
also statistical significance of improvement in global function or 
LV geometry at 6 months in patients with >4 scar segments. 
However, the mean difference of that improvement was less than 
5%, thus fail to reach the standard of global functional recovery. 
Senior et al [18] demonstrated that even a little change in LV 
geometry was associated with improved outcome after CABG, and 
that any degree of LV reverse remodeling was likely to be 
associated with a survival benefit. From our experience, CABG 
might slighdy improve both symptoms and cardiac function in 
patients with large amount of scar tissue. However, the effect of 
that inconspicuous improvement on the long-term prognosis of 
these patients is still unknown. 

Clinical aspects of survival analysis and prognostic value 
of scar tissue 

Since CABG in patients with depressed LVEF as well as large 
scar tissue is associated with increased perioperative risk, it is 
therefore important to balance this risk with a potential benefit in 
survival by reduction of future C VEs after surgical revasculariza- 
tion. Earlier studies have evaluated the value of LGE to predict 
patients outcomes and reported that presence of larger scar tissue 
identifies patients with higher risk of CVEs [12,13,14], this 
appears to be in agreement with the results of the present study, 
where we observed that patients with £4 scar segments showed an 
excellent mid-term outcome (CVE-free survival of >96%), 
patients with >4 scar segments, however, was associated with a 
worse CVE-free survival, with a CVE rate of 19%, and two of 
them suffered from ventricular arrhythmias. 

Several reasons might explain why scar tissue provided 
prognostic value beyond the parameters of LV function. Firstly, 
subclinical MI caused by ischemia may act as a certain substrate 
for malignant arrhythmia without impaired LV function [27]. 
Bello et al [14] further indicated that MI comprising greater than 
10% of LV mass carries a two-fold risk of death and this risk may 



be due to the threshold-volume of necrosis tissue serving as a 
potentially fatal arrhythmogenic substrate. In addition to serving 
as a substrate for arrhythmias, the extent of myocardial scar is also 
a major determinant of LV remodeling which may finally lead to 
impaired LV function and heart failure [28]. Thirdly, the presence 
of myocardial necrosis may be a marker of coronary and 
peripheral artery atherosclerosis, which might be well recognized 
to be the major cause of CVEs [29]. 

Study limitations 

Several limitations of this study merit attention. The major 
limitation is that this is a single-center study with a relatively small 
number of patients. However, these numbers are comparable to 
prior similar studies, mainly because of CMR-method being quite 
time-consuming, financially-demanding and technically-challeng- 
ing. Secondly, LGE-CMR was not performed before hospital 
discharge. Nevertheless, myocardial enzymes (creatine kinase, 
creatine kinase-MB, or troponin) and ECG were routinely checked 
during perioperative period. Thus, patients with procedure-related 
myocardial injury could be identified, which might influence the 
results of subsequent imaging analysis. Thirdly, we did not analyze 
the relationship between the bypassed vessel and segments with 
improved contractility simply because complete revascularization 
was performed in all patients and all the grafts were patent at 6 
months evidenced by CTA scan. 

Conclusions 

Based on our findings, we conclude that scar tissue on LGE- 
CMR is an independent negative predictor of cardiac functional 
recovery in patients with LV dysfunction undergoing surgical 
revascularization. Whether myocardial scar is a better predictor of 
functional recovery than viable myocardium remains to be tested 
in large-scale randomized clinical trials. This finding is of 
extremely important clinical significance, and may provide a 
simple approach to identify which patients with depressed LVEF 
are most likely to derive prognostic benefit from CABG. 

Supporting Information 

Movie SI A patient with substantial scar tissue on LGE- 
CMR showed no evidence of functional improvement 
after coronary artery bypass grafting. 

(RAR) 

Movie S2 Global functional recovery was demonstrated 
in another patient with small scar area. 

(RAR) 
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